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(57) ABSTRACT 

Improved methods for generating a —C—C— bond by 
cross-coupling of a transferable group With an acceptor 
group. The transferable group is a substituent of an organo 
silicon nucleophile and the acceptor group is provided as an 
organic electrophile. The reaction is catalyzed by a Group 10 
transition metal complex (e.g., Ni, Pt or Pd), particularly by 
a palladium complex. Certain methods of this invention use 
improved organosilicon nucleophiles Which are readily pre 
pared, can give high product yields and exhibit high stereo 
selectivity. Methods of this invention employ activating ions 
such as halides, hydroxide, hydride and silyloxides. In 
speci?c embodiments, organosilicon nucleophilic reagents 
of this invention include siloxanes, particularly cyclic silox 
anes. The combination of the cross-coupling reactions of this 
invention With ring-closing metathesis, hydrosilylation and 
intramolecular hydrosilylation reactions provide useful syn 
thetic strategies that have Wide application. 
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CROSS-COUPLING REACTION OF 
ORGANOSILICON NUCLEOPHILES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application takes priority under 35 U.S.C. 
119(e) from US. provisional application Serial No. 60/209, 
682, ?led Jun. 6, 2000 Which is incorporated in its entirety 
by reference herein. 

STATEMENT OF FEDERAL SUPPORT 

[0002] This invention Was funded by the United States 
government through a National Science Foundation grant 
NSF CHO 9803124 and 9500397. The United States gov 
ernment has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] Metal-catalyZed, cross-coupling reactions have, in 
general, become an important synthetic tool for the con 
struction of carbon-carbon bonds (Scheme 1) (1, 2). 

[0004] This fundamental transformation has been demon 
strated to occur With a variety of organometallic nucleo 
philes and organic electrophiles typically catalyZed by Ni or 
Pd. The Suzuki coupling of organoboranes (3) and the Stille 
(Migita-Kosugi) coupling of organostannanes (4), for 
example, employ stable, isolable reagents that are extremely 
Weak nucleophiles With good functional group compatibil 
ity. Cross-coupling reactions (1, 2) can be used, for example, 
to construct biaryl subunits Which are a commonly found in 
biologically active molecules Biaryl-containing com 
pounds are also useful in the design of neW compounds 

including organic semiconductors and liquid crystals Existing methods and reagents for metal-catalyZed cross 

coupling reactions, hoWever, have some disadvantages, 
including attenuated and substrate-dependent reactivity, 
oxygen-sensitivity, high molecule Weight and toxicity, 
Which limit their utility and scope of application. 

[0005] There is continuing interest in the development of 
neW cross-coupling reactions that employ milder procedures 
and have broader structural generality. Desirable aspects of 
improved cross-coupling reactions include:(1) increased 
ease of preparation of the reagents (2) mildness of reaction 
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conditions (3) stereospeci?city of reaction (4) functional 
group compatibility and (5) tractability of by-products. 

[0006] The Hiyama group (7-11, 13) has reported that 
functionaliZed organosilanes: aryl and/or alkenyl?uorosi 
lanes (7-11), —?uorosiliconates (10a) and -orthosiliconates 
(10b; 12), do engage in cross-coupling reactions. HoWever, 
these reagents are dif?cult to synthesiZe in geometrically 
de?ned form, are dif?cult to purify and require someWhat 
harsh reaction conditions for cross-coupling. Silanols (13) 
have also been demonstrated as appropriate coupling part 
ners. 

[0007] Ideally an organosilicon reagent for use in a cross 
coupling reaction Will have loW molecular Weight, be highly 
effective for cross-coupling, easy to synthesiZe, stable under 
chromatographic puri?cation conditions, easily activated 
toWard organic electrophiles, particularly organic halides, 
converted to harmless (or at least less toxic) by-products. It 
is further desirable that the organosilicon reagent be com 
patible With a variety of functional groups and exhibit 
stereoselectivity in reaction. 

[0008] The present invention provides methods for metal 
catalyZed cross-coupling and improved organometallic 
nucleophiles for use in such reactions. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides improved methods 
for generating a —C—C— bond by cross-coupling of a 
transferable group With an acceptor group. The transferable 
group is a substituent of an organosilicon nucleophile and 
the acceptor group is provided as an organic electrophile. 
The reaction is catalyZed by a Group 10 transition metal 
complex (e.g., Ni, Pt or Pd), particularly by a palladium 
complex. 

[0010] A ?rst important aspect of this invention is the use 
of improved organosilicon nucleophiles Which are readily 
prepared, and can give high product yields and exhibit high 
stereospeci?city. A further important aspect of the invention 
is the activation of the organosilicon nucleophile by addition 
of an activation agent that provides an activating anion (e. g., 
a halide ion, hydroxide ion, hydride etc.). The activated 
organosilicon nucleophile is then reacted With the acceptor 
group in the presence of the palladium complex to generate 
the cross-coupling product. 

[0011] Activation of the organosilicon nucleophile prior to 
contact With the acceptor group signi?cantly decreases the 
formation of undesired side-products that may result from 
reduction of the organic electrophile. It has also been found 
that the amount and type of activating agent can affect the 
rate of the reaction. It is believed that preferred activator 
anions (e.g., F“ and OH“) should be capable of acting as 
bases to assist in the association With the metal (e.g., 
palladium) intermediate, but should also be capable of 
acting as nucleophiles to further promote the transmetalla 
tion by forming siliconate complexes. 

[0012] More speci?cally, the invention provides improved 
cross-coupling reactions employing the organosilicon 
nucleophile of formula I Wherein the silicon donor reacts 
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With an organic electrophile (R3—Y) in the presence of a 
palladium catalyst (M—Ln, Where Ln 

[0013] represents various ligands) to form the —C—C— 
coupled product (T3KR), Where T is a transferable group on 
the organosilicon nucleophile, R3 is the acceptor group and 
Y is the leaving group of the organic electrophile (Y can be 
various halides, among others). The reaction is performed in 
the presence of an activating agent, the salt A+Z_. 

[0014] The organosilicon nucleophile can contain more 
than one transferable group, spectator (non-transferred) 
groups (e.g., R1 or R2) and other functional groups X, Which 
may be covalently linked to each other as indicated by 
dashed lines in formula I . 

[0015] In a preferred embodiment, the organo silicon 
nucleophile is activated With the activating agent prior to 
reaction With the organic electrophile. The reaction is typi 
cally carried out in an appropriate solvent including, among 
others, polar aprotic solvents, for eXample, ethers, THF 
(tetrahydrofuran), DMF (dimethylformamide), CH3CN, 
TBME (t-butylmethylether) or miXtures thereof. 

[0016] The transferable group (T) can be selected from 
aromatic (including aryl and substituted aryl), substituted 
aromatic, heteroaromatic, ole?nic, substituted ole?nic, 
allylic, substituted allylic, acetylenic, substituted acetylenic, 
allenic, substituted allemic, an acyl group, an alkyl includ 
ing: cycloalkyl and heterocycloalkyl groups, and substituted 
alkyl groups, including per?uoralkyl groups. T groups can 
also contain one or more substituents (Rs) that are protected 
from reaction during the cross-coupling reaction by an 
appropriate protective group, as is understood in the art. 

[0017] T groups speci?cally include, cyclopropyl groups, 
epoXy groups, vinyl groups, propenyl groups, butenyl 
groups, pentenyl groups, heXenyl groups, heptenyl groups, 
acetylenic groups, propargyl groups, aryl-substituted alk 
enyl groups, phenyl groups, naphthyl groups, thienyl, 
pyridinyl groups or acyl groups. All T groups can be 
substituted With one or more non-hydrogen substituenets 

(Rs), Which can include among others halides, CN, and NO2 
groups. 

[0018] R3 is an acceptor group to Which T Will be coupled 
and Which can be an aromatic, substituted aromatic, het 
eroaromatic, ole?nic, substituted ole?nic, allylic, substituted 
allylic, acetylenic, substituted acetylenic, allenic, substituted 
allenic, alkyl, and substituted alkyl groups. Y is any leaving 
group that Will not otherWise interfere With the reaction, 
including among others: I, Br, Cl, OTf (tri?ate), OTs (tosyl), 
nona?ate, phosphates, iodonium ions, or N2". Preferred 
leaving groups are I and Br. The acceptor group can carry 
one or more non-hydrogen substituents (Rs) Which can 
include electron WithdraWing groups and electron donating 
groups. 

[0019] M—Ln is a Group 10 metal compleX, Where Ln can 
represent the presence of one or more ligands. Preferred 
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metal complexes are palladium complexes Which can have 
2-4 ligands/Pd. The catalyst can contain more than one 
palladium and have ligands bridging the palladiums. Ln can 
be organic groups or halides or miXtures of organic groups 
and halides. Palladium catalyst include, among others, 
Pd(dba)2; Pd2(dba)3'solvent; [Pd(allyl)Cl]2; PdCl2; 
Pd(OAC)2; Pd(OTFA)2; (Ph3P)4Pd; (Ph3P)2PdC12; (COD)P 
dBr2; Pd(OTf)2; (PhCN)2PdCl2; and (Ph3P)2PdBrCl. Pre 
ferred Pd catalysts are Pd(dba)2; Pd2(dba)3' solvent; and 
[Pd(allyl)Cl]2 (dba is dibenZylidene acetone, OAc is acetate, 
OTFA is tri?uoracetate, Ph is phenyl, COD is 1,4-cyclooc 
tadiene, and OTf is tri?ate.) M—Ln can be prepared and 
added to a reaction or prepared in situ by separate addition 
of a stable organic source of the metal, eg a stable organic 
source of palladium, and a selected ligand or miXture of 
ligands. 
[0020] The activity of a given catalyst for the cross 
coupling reaction of this invention may in some cases be 
enhanced by addition of an additive, such as CuI or other 
additives that have been shoWn to enhance coupling reac 
tions such as the Stille Coupling reaction. 

[0021] The activating agent A+Z_ for activating the orga 
nosilicon nucleophile is an anion source. Preferred anions 
are those that can function as a base as Well as a nucleophile. 

Anions include F“, OH“, CN', N3“, H132“, H2133“, H“, RO', 
Where R is an alkyl or aromatic (including an aryl) group, 
(R)3SiF2_ Where the Rs in the same anion can be the same 
or different and are alkyl groups or aromatic (including aryl) 
groups, e.g., (CH3)3SiF2_, (Ph)3SiF2_; and (R)3Si—O_, 
Where Rs in the same anion can be the same or different and 
can be alkyl or aromatic (including aryl) groups. Anions can 
be provided as salts With any appropriate cation. Cations 
include K", Na", R4N+, Cs", (R2N)3S+ (Where R is ali 
phatic). The cation is typically selected to facilitate solubil 
ity of the activating agent in the selected reaction solvent. 

[0022] In a speci?c embodiment, the cross—coupling 
reaction is performed free of ?uoride ion. In this embodi 
ment, the preferred activating agent is a base such as hydride 
(H') or a silanolate anion ((R)3—Si—O_). Fluorine—free 
cross—coupling is preferred for use With coupling substrates 
(T or R3—Y)Wh1Ch contain silyl protective groups. The use 
of activating anions that are not ?uorine eXpands the utility 
of the cross—coupling reaction to alloW the use of silyl 
protective groups. The preferred organosilicon nucleophiles 
for use in ?uoride—free cross-coupling are organosilanols. 

[0023] In a speci?c embodiment, the invention provides a 
method for generating biaryl moieties in the cross—cou 
pling reaction. In this case, T and R3 are aryl groups or 
substituted aryl groups. In another speci?c embodiment, the 
invention provides a method for generating dienes in the 
cross-coupling reaction. In this case, T and R3 are ole?nic 
groups or substituted ole?nic groups. 

[0024] The cross-coupling reaction of this invention is 
compatible With a number of other reactions Which can be 
used to form organosilicon nucleophiles that can then par 
ticipate in the cross-coupling reaction. In certain cases, the 
reagents for the cross-coupling reaction can be combined 
With those for generating the organosilicon nucleophile, so 
that a one—pot protocol can be employed to generated 
desired cross-coupling products. 
[0025] For eXample, the formal addition of an aryl-H or 
alkenyl-H bond across a terminal alkyne can be accom 
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plished in a single reaction vessel by combination of a 
platinum-catalyZed hydrosilyation followed by the cross 
coupling reaction of this invention. Highly stereoselective 
conversion of homopropargyl alchols to trisubstituted 
homoallylic alcohols can be achieved in a one-pot reaction 
by coupling of alkylidenesilacycloakanes formed from 
intramolecular hydrosilyation of homopropargyl alcohols. 

[0026] The cross-coupling reaction of this invention can 
be combined With ring-closing metathesis of silylvinyl 
ethers to generate unsaturated alcohols (e.g., diene alcohols 
or styrene alcohols). 

[0027] The present invention also provides improved 
organosilicon reagents for use in metal-catalyZed cross 
coupling reactions. The reagents are alkenyl- or aryl-substi 
tuted silanes or siloXanes Which are highly effective for 
cross-coupling, compatible With a Wide range of functional 
groups, and Which provide generally high reaction yields 
and stereoselectiveness. 

[0028] Organosilicon reagents include those of formula I: 

[0029] Where T is a transferable group as described above; 
R1 and R2 are spectator groups (non-transferred) Which can 
be selected from alkyl or substituted alkyl groups or groups 
containing —O—Si—, particularly groups containing one 
or more —O—Si(RA RB)— groups and —O—Si—, (R A RB 
RC) groups or one or both of R1 and R2 can be transferable 
groups R A, RB, and RC, independently, can be spectator 
groups, functional groups (X), or transferable groups (T), 
including halides, OH, alkyl or aromatic groups Which are 
optionally substituted, silane groups or siloXane groups. 

[0030] X is a functional group Which can be selected from 
a halide, OH, H, N(R‘)2 group Where R‘ is hydrogen, an alkyl 
group or a substituted alkyl group, or a group containing 
—O—Si—. X can also be a transferable group. If R1, R2 or 
X is a transferable group, it is preferred that it is the same 
group as T. The organosilicon reagent can contain up to three 
transferable groups substituted onto each Si in the reagent. 
TWo of R1, R2 and X can be covalently linked to each other 
to form a cyclic alkyl, substituted cyclic alkyl group or 
cyclic siloXane; T groups include ole?nic aromatic, allylic, 
acetylenic, allenic, and alkyl groups that are in turn substi 
tuted With silane or siloXane groups. 

[0031] In speci?c embodiments, R1 and R2 groups are 
spectator groups that are alkyl groups: including straight 
chain, branched and cyclic alkyl groups that are optionally 
substituted. Preferred alkyl groups are those that have from 
1 to about 6 carbon atoms. Substituents for alkyl R1 and R2 
groups include, among others, halogens, R“, COR“, 
COOR“, N(R“)2, OR“ groups (Where R“ is H, an alkyl group 
or an aromatic group), and SR Where R is an alkyl group or 
an aromatic group, nitro groups, or nitrile groups. Substitu 
ents on R1 and R2 groups are preferably non-reactive under 
the conditions of the cross-coupling reaction and do not 
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signi?cantly interfere With the desired cross-coupling reac 
tion. Reactive R1 and R2 groups may be protected using 
conventional protective groups. R1 and R2 may be 
covalently linked together to form cyclic moieties, e. g., 3- to 
6-member rings. 

[0032] In other speci?c embodiments, one or both of R1 
and R2 are silane or siloXane groups. Silane groups include, 

among others, —Si(RARBRc) groups Where R A, RB, and Rc 
independently are H, halide, or optionally substituted alkyl 
or aromatic groups. R A, RB, and Rc can also be any X or T 

groups. 

[0033] For X that are alkyl, ole?nic, acetylenic, or aryl, 
preferred substituents are halides, OH, R COOR, OR (Where 
R is alkyl or aromatic), nitro groups, or nitrile groups. For 
X that are OR or N(R)2 groups preferred substituents on the 
R groups are halides. 

[0034] In a speci?c embodiment, R1 and R2 may together 
form a cyclic group: 

[0035] Where X is as de?ned above, but is preferably a 
halogen, particularly F or Cl, OH, OR (Where R is an 
optionally a substituted alkyl or aromatic group) or NRR‘ 
(Where R or R‘, independently, are H or an optionally 
substituted alkyl or aromatic group). III a more speci?c 
embodiment, R1 and R 2 may together form a silacycloalkyl 
group, such as 

II-1 

(CH2)r 

[0036] Where T and X are as de?ned above and r is an 
integer ranging from 1 to about 4. In preferred organosilanes 
of formula II-1, X is a halogen, particularly F or Cl, OH, OR 
(Where R is an optionally a substituted alkyl or aromatic 
group) and NRR‘ (Where R or R‘, independently, are H or an 
optionally substituted alkyl or aromatic group). In preferred 
organosilanes, r is 1 (silylcyclobutanes), such as 

O R“ 
Si 

X/ >)\R5 or 
R6 

II-2 
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-continued 
II-3 

/Si 
X / \ 

\ 
/ RS 

[0037] Where X is as de?ned above and R‘“6 can be H, 
alkyl (linear, branched and cyclic), alkenyl, aromatic (aryl), 
heterocyclic, heteroaromatic any of Which may be substi 
tuted With Rs groups including halides, alkyls, alkoXy 
groups, OH, CN, NO2, among others. TWo or more of R‘“6 
can be covalently linked. In formula II-3, Rs can be, among 
others, any electron WithdraWing or electron donating 
groups. 

[0038] In another speci?c embodiment, R1 and R2 are 
alkyl groups or substituted alkyl groups having from 1 to 
about 20 carbon atoms, and preferably having from 1 to 
about 10 carbon atoms, X is a halide and T is as de?ned 
above. Preferred halides are ?uorine and chlorine. Preferred 
substituents for R1 and R2 alkyl groups are halides. In other 
speci?c embodiments, R1 and R2 are alkyl groups or sub 
stituted alkyl groups having from 1 to about 2 carbon atoms, 
and preferably having from 1 to about 10 carbon atoms, T is 
as de?ned above and X is OH or H. 

[0039] Organosilicon reagents of this invention include 
silanols and silyl hydrides (Where X is H or OH) and 
particularly silanols of formulas III-1: 

[0040] as Well as (ot-alkoXyvinyl)silanols of formula III-2 
and cyclic (ot-alkoXyvinyl)silanols of formulas III-3 and 
III-4: 
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-continued 

III-4 

(C(R'h)” O 

— OH 

R4 Si/ 
Rl/ \R2 

[0041] Where R1'2, R‘“6 are as de?ned above, R7 is hydro 
gen, alkyl (linear, branched or cyclic), alkenyl, aromatic 
(aryl), heterocyclic, heteroaromatic any of Which may be 
substituted With non-hydrogen substituents (Rs) and R‘ can 
be the same or different groups in the same compound and 

are selected from H, alkyl, alkenyl or aromatic each of Which 
can be substituted With one or more non-hydrogen substitu 

ents Rs. R5 or R4 or both may be covalently linked to R7. In 

III-3, n is an integer Which is preferably 2-4, inclusive. 

[0042] Organosilicon reagents can also be hydrides of 
formulas IV-1, IV-2, IV-3 and IV-4: 

R 

4 1 

m 
(only 0 

R4 s/ 
/ 

IV-3 

IV-4 

H H 
R4 s/ 

/ 

[0043] Where variables are de?ned as for compounds of 
Formula III-1-III-4 above. 

[0044] Organosilicon reagents of this invention can also 
be cyclic silyl ethers (compounds of Formula I in Which T 
and X groups are covalently linked. Exemplary cyclic silyl 
ethers include: 
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R6 (912)“ R5 

[0045] 
may also be any Rs as above and n is Zero or an integer, 

Where variables R1'2, R‘“6 are de?ned as above and 

preferably n ranges from 0-3, inclusive, and more preferably 

[0046] Where variables R1'2, R“'6 are de?ned as above and 
may also be any Rs as above and n is an integer, preferably 

n ranges from 1-4, inclusive and more preferably n=1 or 2. 

In forrnulas V-1 and V-2 ring positions other than those 
indicated may be substituted With R‘“6 groups or Rs. 

[0047] Organosilicon reagents of this invention also 
include siloXanes, such as those of formula I above Where T 

is a transferably group and X, R1 or R2 are as de?ned above 

and at least one of X, R1 or R2 contains an —O—Si(R 

ARB)— group (Where RA and RB, independently can be 
optionally substituted alkyl or arornatic groups or X func 

tional groups). One or more of X, R1, R2, RA or RB can also 
be a transferrable group. Useful siloXane reagents include 

linear (VI-L) branched (VI-B) or cyclic (VI-C) siloXanes, 
e.g., of formulas: 

[0048] Where RA_—Rc can be any of the R1, R2, X or T 
groups de?ned above and n is an integer greater than or 

equal to 1. RA and RB groups on different Si atorns may be 

the same or different. Any pair of R1, R2, RA, RB or Rc can 
be optionally covalently linked; 
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T 
RB_ Sl_RA 

m 

Rc 

[0049] Where RA—Rc can be the same or different on 
different Si and can be any of the R1, R2, X or T groups 
de?ned above In, n and p are 0 or integers greater than or 

equal to 1 and tWo of In, n or p are 1 or more. Any pair of 

R A, RB and Rc groups can be optionally covalently linked; 
or 

VI-C 

T RA R1 

R1—si o—si o—si—R2 
IIKB 
o 

[0050] Where R A and RB can be the same or different on 

different Si and can be any of the R1, R2, X or T groups 
de?ned above and n is an integer greater than or equal to 1. 
R A and RB and/or R1 and R2 groups are optionally covalently 
linked. 

[0051] Linear siloXanes include disiloXanes, trisiloXanes 
and higher siloXanes and include siloXanes of formula: 

[0052] Where n is 0 or an integer greater than or equal to 
1 and all T are the same transferrable group, e.g., an ole?n 

or aryl group or the linear siloXane: 

V- L- 3 
T RAG) 

[0053] Where any or all of R1, R2 and R A can be T. 
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[0054] Branched siloXanes include: 

VI-B-2 

~- R2 o R,’ 

|_ 1 
T—S1—R 

{led/l 

[0055] Where all T are the same transferable group. The 

formula illustrates optionally covalent linkage of R1 and R2 
groups on the same silicon atom. R1 and R2 groups from 

different silicon atoms can optionally be covalently linked as 

Well. 

[0056] Cyclic siloXanes include: 

VI-C-2 

[0057] 
is an integer ranging from 1-4, Which is preferably 1 or 2, 

Where all of T are the same transferable group, m 

and RA can be any of R1, R2, X or T groups as de?ned above. 

[0058] 
vides a method for making —C—C— bonds Which employs 

a bis-silyl reagent of formula (VII-1): 

In another speci?c embodiment, the invention pro 

[0059] Where T is a transferrable group or groups linked 

betWeen tWo silicon atoms, n is an integer greater than or 

equal to 1, X, R1 and R2 are as de?ned above and may be the 
same or different on different Si atoms. R and R‘ are optional 

substituents on the T groups and can take any of the values 

of R1, R2 or X. In preferred reagents of formula VII-1, X is 
OH, H, F or OR (Where K is an alkyl or substituted alkyl 
groups). The product of the reaction employing reagent 
VII-1 contains tWo R3 groups: 
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[0060] The transferable group is inserted betWeen tWo R3 
groups. In preferred reagents of formula VII-1 T is an 
optionally substituted ole?n and When n is 2 the transferable 
group is an optionally substituted diene. The transferable 
group may also be a non-conjugated diene or a group 

containing more than tWo double bonds. This type of orga 
nosilicon reagent is particularly useful for the synthesis of 
stilbenes. 

[0061] The invention also provides reagent kits Which 
combine a selected organosilicon nucleophile of formula I 
(and all other formulas illustrated above) carrying a selected 
transferable group T With an activating agent A+Z_ and 
optionally also contains a catalysts Which may be provided 
as a stable organic source of the Group 10 metal in combi 
nation With a selected ligand or miXture of ligands. Prefer 
ably, the catalyst and activating agent are selected to facili 
tate the cross-coupling of the organosilicon reagent included 
in the kit and may be optimiZed for use With a choice of 
organic electrophiles. The kit may further include instruc 
tions for carrying out the reaction. The kit may also provide 
appropriate solvent and/or an appropriate reaction vessel for 
carrying out the reaction. In preferred embodiments, kit of 
this invention comprise an organosilicon cross-coupling 
reagent that is a silacyclobutane, a siloXane (linear, cyclic or 
branched) or a bis-silyl compound. 

DETAILED DESCRIPTION OF THE 
INVENTION 

DEFINITIONS 

[0062] The term silane is used herein to refer to subsets of 
organosilicon cross-coupling reagents Which can contain 
one or more silicon atoms, but do not contain —Si—O— 

Si— linkages. The term siloXanes is used to refer to subsets 
of organosilicon cross coupling reagents having one or more 
—Si—O—Si— linkages. 

[0063] The term aliphatic refers to groups that are satu 
rated hydrocarbons and includes alkyl, substituted alkyl, and 
alicyclic (cyclic alkyl) groups. Alkyl groups include loWer 
alkyl groups (having 1-6 carbon atoms), intermediate length 
alkyls (having 7-20 carbon atoms) and higher alkyl groups 
(having over 20 carbon atoms). Alkyl groups may be 
branched, straight-chain (linear) or cyclic. Cyclic alkyl 
groups can include cyclopropyl, cyclobutyl, cyclopentyl, or 
cycloheXyl groups, among others. Alkyl groups include 
those that have portions that are linear or branched com 

bined With cyclic portions (e.g., methylcycloheXyl-). Alkyl 
groups include monocyclic species (e.g., cyclopropyl) as 
Well as bicyclic groups (e.g., norbornyl). 



US 2002/0183516 A1 

[0064] The term aromatic (or aryl) is used generally herein 
to refer to groups that contain one or more aromatic rings 
Which may be fused rings or non-fused rings or a combi 
nation of fused and non-fused rings. Aromatic rings can be 
5- or 6-member rings. Aromatic groups include, among 
others, phenyl groups, substituted phenyl groups, naphthyl 
groups, substituted naphthyl groups, biphenyl groups, sub 
stituted biphenyl groups, phenanthrene and substituted 
phenanthrene groups. 

[0065] The term heteroaromatic is used generally herein to 
refer to groups that contain one or more aromatic rings 
containing one or more non-carbon ring atoms (e.g., N, S or 
O). Heteroaromatic rings can be 5- or 6-member rings and 
can include species that have more than one aromatic ring 
that may be fused or non-fused. Heteroaromatic groups 
include among others: pyrroles, furans, thiophenes, pyri 
dine, diaZines, pyrolidines, pyrimidines, quinolines, iso 
quinolines, indoles, benZofarans, benZothiophenes, each of 
Which may be substituted. 

[0066] The term ole?nic (or alkenyl) is used broadly 
herein to refer to organic groups having one or more double 
bonds, Which may or may not be conjugated. Ole?nic groups 
include, among others: RARB—C=C—RC— Where RA‘c 
can be various aliphatic, or aromatic groups With various 
substituents. For example, ole?nic groups include RARB— 
C=C—Rc—, Where RA‘c independently, can be hydrogen, 
alkyl or aryl groups (Which may be substituted) and par 
ticularly, include those Where RA and RB are alkyl or aryl 
groups (Which may be substituted) and Rc is hydrogen. 
Alkenyl groups can include linear alkenes, branched alkenes 
or cyclic alkenes (e.g., cyclohexenyl). The term “diene” 
refers to groups that have tWo double bonds Which may be 
conjugated (e.g., —HC=CH—CH=CH—) or non-conju 
gated (e.g., —CH=CH—CH2—CH2—CH=CH—). The 
term “polyenes” refers generally to any group that contains 
more than one double bond. Allylic species are groups 
having the structure RARB—C=C—RC—CRDRE—, Where 
RA‘E can be various aliphatic, or aromatic groups With 
various substituents. Allylic species include 
RARBC=CRCCRDRE—, Where RA'E, independently, are 
hydrogen, alkyl or aryl groups and particularly include 
groups Where RA and RB are alkyl or aryl groups and RC‘E 
are hydrogens. Allenic species are groups having the struc 
ture: RARB—C=C=C—RC—, Where R A_c can be various 
aliphatic or aromatic groups that may be substituted. Allenic 
groups include RARB—C=C=C—RC—, Where RA'C, 
independently, are hydrogen, alkyl or aryl groups and par 
ticularly the groups Where R A and RB are alkyl or aryl groups 
and Rc_E are hydrogens. 

[0067] The term alkynyl is used broadly herein to refer to 
organic groups having one or more triple bonds, Which may 
or may not be conjugated. The term acetylenic refers to 
groups having the structure RA—CEC— Where RA can be a 
variety of alkyl, substituted alkyl, aryl or substituted aryl 
groups. A terminal alkyne has the structure RA—C EECH— 
Where RA can be various aliphatic or aromatic groups that 
may be substituted With one or more non-hydrogen substitu 

ents (Rs). 

[0068] The term substituent as used in reference to various 
groups (e.g., substituted alkyl or substituted aromatic) is 
used broadly herein to refer to the introduction of various 
non-hydrogen substituents (generally Rs) into the named 
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group. Asubstituent can replace a H in a given named group, 
it may replace a —CH2— group in a straight-chain, 
branched or cyclic alkyl moiety, or it may replace a ring 
carbon in an aromatic or aryl compound. Preferred substitu 
ents include halides, CN—, NO2_, OH—, SH—, N(R)2 
groups Where R is a hydrogen, an alkyl or aryl group, or a 
substituted alkyl or substituted aryl group; an SR group 
Where R is an alkyl or aryl group, or a substituted alkyl or 
substituted aryl group; an acyl group, or an RO—, 
ROCO2— or RCO— group Where R is an alkyl, aryl, 
substituted alkyl or substituted aryl group. For example, one 
or more non-neighboring —CH2— groups in any named 
group may be substituted With an —O— to give an ether 
group), —S— (to give a thioether group), NH or NR (Where 
R is alkyl)(to give an amine group), —NH—CO— (to give 
an amide group), C=O (to give a ketone group), and 
—O—C=O (to give an ester group). 

[0069] Substituents are preferably non-reactive under the 
cross-coupling reaction conditions applied. HoWever, reac 
tive substituents can be accommodated if protected With 
protecting groups, as is knoWn in the art. 

[0070] The reactions of this invention are conducted in a 
solvent. The solvent is preferably chosen to provide a 
substantially homogeneous reaction mixture to maintain 
reactants, activator and catalyst substantially in solution to 
facilitate reaction. Preferred solvents are polar aprotic sol 
vents, including ethers, DMF, THF, CH3CN, TBME and 
mixtures thereof, Which facilitate the cross-coupling reac 
tion. 

[0071] Cross-coupling reaction can generally be carried 
out at temperatures ranging from sub-ambient to ambient to 
the temperature of re?uxing solvent. It is preferred that the 
reaction be carried out at the loWest temperature possible 
Without cooling (most preferably at ambient room tempera 
ture) to minimiZe energy costs of reaction and to avoid 
unnecessary decomposition of reactants, catalyst or activa 
tor. 

[0072] As illustrated herein, reaction rates and yield of the 
desired product can be affected by the relative amounts of 
reagents and activator present in the reaction mixture. In 
general, in the cross-coupling reactions of this invention, the 
organosilicon nucleophile is preferably provided in excess 
(in molar equivalents) over the organic electrophile. The 
organosilicon nucleophile is preferably employed at more 
than 1 up to about 2 equivalents. Amore preferred range for 
the organosilicon nucleophile is from about 1 to about 1.5 
equivalents and a more preferred range is from about 1.1 to 
about 1.2 equivalents. The activator, also in general, is 
preferably provided in excess over the organosilicon nucleo 
phile, at a level of at least about 5% or more equivalents of 
the organosilicon nucleophile. As discussed beloW, it Was 
found that the desired coupling reaction Was signi?cantly 
facilitated by the use of a larger excess of the activator. Thus, 
in preferred embodiments the activator is present in the 
reaction mixture at levels of 2 to 3 times (in equivalents) of 
that of the organosilicon nucleophile. A preferred range for 
the activator is from about 2 to about 4.5 equivalents (based 
on the organic electrophile). 

[0073] Reaction products can generally be isolated and 
puri?ed by methods Well-known in the art. It Was found that 
the desired coupling reaction products, Which Were, in 
general, rather nonpolar, could be removed from siloxane 
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by-products by initial silica gel plug ?ltration of the reaction 
mixture, followed by reversed-phase chromatography Which 
Was followed by distillation. Coupling reaction products that 
are solids may be further puri?ed by recrystaliZation or other 
methods knoWn in the art. 

[0074] Organosilicon nucleophiles of this invention can be 
readily prepared by methods illustrated herein or by routine 
modi?cation or adaptation of those methods in vieW of What 
is generally knoWn in the art and What is speci?cally 
described herein. A variety of organosilicon compounds 
suitable for use as nucleophiles in this invention are com 
mercially available. 

[0075] A variety of organic electrophiles, catalysts, par 
ticularly Pd catalysts, ligands, and activator salts useful in 
the reactions of this invention are commercially available or 
readily synthesiZed using methods disclosed herein or that 
are Well-knoWn in the art. 

[0076] As illustrated herein, reaction conditions can be 
readily optimiZed for a given organosilicon nucleophile, 
organic electrophile, activator, or catalyst in vieW of the 
teachings herein and What is generally knoWn in the art. 

[0077] The invention also provides reagent kits Which 
combine an organosilicon nucleophile of this invention With 
an activating agent and optionally also a catalyst. The kit 
may contain components in relative amounts optimal for 
carrying out a selected coupling reaction With the organo 
silicon reagent provided in the kit. 

Alkenylsilacycloalkanes 

[0078] The methods of this invention that employ alkenyl 
silacycloakanes are illustrated by examining the coupling of 
(E)- and (Z)-1-(1-heptenyl)-1-methysilacyclobutane ((E)-21 
and (Z)-21) With a variety of electrophiles. These substrates 
are readily prepared in high yield and geometrical purity 
(With the E/Z ratios determined by GC analysis, see beloW) 
as shoWn in Scheme 2. Because of the enhanced electrophi 
licity of 1-chloro-1-methylsilacyclobutane, the intermediate 
vinylalane obtained by hydroalumination of 1-heptyne 
reacted in good yield to afford (E)-21 in >99/1 isomeric 
purity. The corresponding (Z)-21 isomer Was prepared by 
adaptation of related literature procedures (14). Although 
1-chloro-1-methylsilacyclobutane is commercially available 
(Gelest Inc. or Aldrich), it can be prepared in large quantities 
by WurtZ coupling of dichloro(3-chloropropyl)methylsilane 
(15, 16). 
[0079] First, a survey of many palladium catalysts shoWed 
a dramatic in?uence on reaction rate in the folloWing order: 
Pd(dba)2~Pd2—(dba)3>[allylPdCl] 
2>Pd(OAc)2~Pd(OTf)2>(COD)PdBr2>(PhCN)2PdCl2~ 
(Ph3P)2PdCl2~(Ph3P)2BnPdCl for alkenyl iodides. The 
order may be different for other reactants. 

[0080] Second, the nature and amount of the ?uoride 
source Was also found to be important. TBAF (tetrabuty 
lammonium ?uoride) Was found to be effective With the 
alkenylsilacycloalkanes; hoWever, neither (Me2N)3S+, 
Me3SiF2_(TASF) nor KF gave coupling products in the 
reactions examined With these reagents. The corresponding 
TBA-OR (Where R is alkyl, e.g., methyl) or related tet 
raalkylammonium ?uorides or alkoxides can also be used 
With these nucleophiles. Also, the reactions displayed a 
strange rate pro?le. With 1.5 equiv of TBAF, initial rates 
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Were fast (nearly 80% conversion in 10 min, but the reac 
tions required another 8-9 h to go to completion (1H NMR 
analysis). Thus, by simply employing additional TBAF (e. g., 
3 equiv.), the reactions proceeded rapidly to completion 
Within minutes. In vieW of the teachings herein, the amount 
of activating agent (e.g., TBAF, TMAF (tetramethylammo 
nium ?uoride) or tetraalkylammonium hydroxide or -alkox 
ide) can be readily optimiZed for a given cross-coupling 
reaction. 

[0081] Finally, the order of mixing of the reagents is 
important for achieving high yields and reproducible reac 
tions. Speci?cally, premixing of the silacyclobutane and 
activating agent eliminated the formation of reduction by 
products With many of the Pd catalysts. Thus, speci?cally for 
the silacyclobutane reagents, the preferred reaction protocol 
employs 1.1-1.2 equiv of 21, 3.0 equiv of TBAF (1.0 M in 
THF as solvent), and 5 mol % Pd(dba)2. The reactions are 
preferably run at ambient (RT) temperatures. 

[0082] Stereoselectivity and synthetic generality of the 
process Were investigated in coupling reactions of (E)- and 
(Z)-21 With aryl iodides (Table 1). For all substrates exam 
ined, the reactions Were highly stereospeci?c (see E/Z ratio). 
Moreover, both electron-de?cient (entries 7 and 8) arenes 
and electron rich (entries 9 and 10) arenes reacted rapidly 
and in high yield. To achieve such high yields of analytically 
pure materials, a puri?cation protocol Was needed to remove 
the siloxane by-products from the rather non-polar coupling 
products. Thus, the styrenes 22a-22e (Where the identi?y of 
the Aryl group is listed in Table 1) Were all puri?ed by silica 
gel plug ?ltration, C-18 reversed-phase chromatography 
(MeOH/HZO), and distillation. 

[0083] Alkenyl halides are excellent partners in sp2/sp2 
couplings With 21. The results of Pd-catalyZed coupling With 
alkenyl iodides and bromides under identical reaction con 
ditions to give dienes 24 and 26 (minor amounts) are 
collected in Table 2. As in the alkenyl/aryl couplings these 
reactions Were also highly stereospeci?c even for the pro 
duction of (Z,Z)-24c (entry 7). The reactions proceeded 
smoothly at room temperature, though for [3-bromostyrene, 
[allylPdCl]2 gave the best results. Moreover, the free OH 
group in (E)- or (Z)-6-iodo-5-hexenol did not interfere With 
the coupling. In all cases a minor byproduct of cine substi 
tution 26 Was detected Which presumably arose from a Heck 
type process previously documented in organoborane (3)/ 
organostannane couplings (17). HoWever, With ot-bromosty 
rene (E)-28, (E)-21coupled in high yield to give (E)-30 and 
Without a trace of the regioisomer (Scheme 3). 

Arylsilacycloalkanes 

[0084] Initial studies of the cross-coupling reaction of 
methyl-(phenyl)silacyclobutane With either aryl or alkenyl 
iodides gave no desired products under various conditions, 
including those optimiZed for alkenylsilacyclobutanes. The 
reactivity of the arylsilacyclobutanes Was enhanced by intro 
ducing a heteroatom on the silicon. Chlorosilane 40 and 
?uorosilane 42 Were prepared in a straightforWard fashion 
from dichlorosilacyclobutane (38) (available from Aldrich 
or Gelest Inc.), Scheme 4. 

[0085] Orienting experiments With 42 and iodobenZene 
revealed that under standard coupling conditions (TBAAF/ 
Pd(dba)2/THF/RT, see 18) 25% conversion could be 
obtained in 48 hours. Screening different Pd sources iden 
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ti?ed [allylPdCl]2 as the superior catalyst in terms of rate and 
amount of side reaction. With this catalyst, ?uorosilane 42 
Was found to be more reactive than chlorosilane 40 and thus 
Was used to optimize the other reaction variables. 

[0086] Careful investigation of the reaction betWeen 42 
and iodobenZene shoWed that homocoupling of both these 
substrates (to generate 45 or 46, for example) Was a serious 
liability (entry 1, Table 3) (11,19). Where no ligand Was 
added both possible homocoupling products 45 and 46 Were 
observed. To facilitate the transmetallation and eliminate the 
cross-coupling, various additives Were surveyed With ratio 
of ligand/palladium of 2.0. The additives examined (Table 3) 
cover a Wide range of donor properties and steric bulk. 
While (o-tol)3P (entry 2), (C6F5)3P (entry 3), and phosphite 
48 (entry 9) suppressed the desired coupling, the other 
ligands such as tri(2-furyl)-phosphine (entry 4) and triph 
enylarsine (entry 5) and the bulky ligands such as tri(tert 
butyl)phosphine (entry 6) (20) and tricyclohexylphosphine 
(entry 7) Were effective in eliminating the homocoupling of 
arylsilanes and signi?cantly suppressing the homocoupling 
of aryl iodides. Nevertheless, the desired cross-coupling Was 
still rather sluggish. It Was surprising that recently intro 
duced ligand 47 (entry 8) did not inhibit the generation of 45 
(21). 
[0087] To accelerate the cross-coupling process, the reac 
tion temperature Was increased to 50° C. Again, a variety of 
ligands Were surveyed, and the results are collected in Table 
4. With the exception of P(C6F5)3 (entry 2) and DMPE 
(entry 5), all the other ligands alloWed the reaction to be 
complete in 24 hours. As is evident from Table 5, the ligands 
have a dramatic effect on the generation of homocoupling 
product 45. Tri(tert-butyl)phosphine Was the best ligand to 
suppress this side reaction; only 6% of 45 Was produced 
(Table 4, entry 7). 
[0088] To further reduce the amount of 45, the ligand/Pd 
ratio Was examined With most effective additive tri(tert 
butyl)phosphine. As is apparent from Table 5, the more 
ligand added, the less 45 generated. HoWever, the desired 
cross-coupling reaction Was also retarded by the ligand. 
When the ligand/Pd ratio Was over about 4.2, the reaction 
Was not complete in 22 hours. Thus, the preferred ratio of 
(tert-Bu)3P/Pd is about 2.0 for the coupling of ?uorosilane 
42 With aryl iodides at 50° C. 

[0089] Preliminary studies found ?uorosilane 42 to be 
superior to chlorosilacyclobutane 40 in the cross-coupling 
reaction. Under the identical conditions noted above in Table 
6 (THF/50° C.), the reaction With the chlorosilacyclobutane 
40 Was not complete Within 22 hours. By carrying out the 
reaction in re?uxing THF, complete conversion could be 
observed Within 16 hours (Table 6). HoWever, at the elevated 
temperature, the amount of side product 45 increased to 11% 
With a (t-Bu)3P/Pd ratio of 2.2. The amount of 45 can be 
reduced to less than 5% When the ratio of P(t-Bu)3/Pd is 
increased to 4.0. 

[0090] From the foregoing studies it is apparent that both 
chlorosilane 40 and ?uorosilane 42 are appropriate partners 
for the cross-coupling With aryl iodides. The ?uorosilane is 
more reactive and can perform the coupling at slightly loWer 
temperature and With less additive. On the other hand, the 
chlorosilane can be easily prepared in one step. 

[0091] OptimiZed conditions Were established as folloWs 
for reaction of the chlorosilane 40: pre-treatment of 40 With 
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TBAF (3.0 equiv), [allylPdCl]2 (2.5 mol %) as catalyst, and 
tri(tert-butyl)phosphine (20 mol %) as ligand in re?uxing 
THF. The reactions With a variety of aryl iodides bearing 
electron-WithdraWing or -donating groups in the para, meta, 
or ortho positions Were investigated to shoW the generality 
of the electrophilic component (Table 7). The desired 
unsymmetrical biaryls Were obtained in good to excellent 
yields Within several hours for all the aryl iodides tested. The 
mild reaction conditions are compatible With a Wide range of 
functional groups including carbethoxy (entry 2), acetyl 
(entry 3), nitro (entry 4), and cyano (entry 5). It is noteWor 
thy that even though the coupling is slightly sloWed by ortho 
substituents, the reaction still goes to completion Within 
three hours for both 2-nitrophenyl iodide (entry 11) and 
2-methylphenyl iodide (entry 10). Also, heteroaromatic 
iodides such as 3-iodopyridine (entry 12) are Well-suited for 
the cross-coupling reaction. 

[0092] To investigate the effect of ortho substitution at the 
arylsilane, aryl(chloro)silacyclobutane 49 Was synthesiZed 
and its reactivity Was examined With several aryl iodides 
(Table 8). Even though the reactions Were sloWer than those 
With chlorosilane 40, all the couplings With 49 give good 
yields of the corresponding biaryl compounds. Remarkably, 
sterically croWded 2-methyl-2‘-nitrobiphenyl (entry 3) and 
2,2‘-dimethylbiphenyl (entry 4) can be prepared cleanly in 
77% and 85% yields, respectively. 

[0093] Extensive reaction optimiZation revealed ?ve 
important variables: (1) palladium source, (2) arylsilane, (3) 
additive, (4) ligand/Pd ratio, and (5) reaction temperature. 
The optimal conditions involve [allylPdCl]2 as catalyst and 
(t-Bu)3P as the additive. A heteroatom substituent on the 
silicon of arylsilacyclobutanes is important to enhance the 
reactivity. 
[0094] When ?uorosilanes are employed, the reaction is 
preferably run at 50° C. With a ligand/Pd ratio equal to about 
2.0. If chlorosilanes are used, the reaction is preferably 
performed in re?uxing THF With a ligand/Pd ratio of about 
4.0. For the biaryl synthesis, these conditions are milder than 
the other palladium-catalyZed processes including the acy 
clic arylsilanes and the typical Stille and Suzuki reactions. 

Alkenylsilanols 

[0095] To make direct comparisons to cross-coupling With 
alkenylsilacyclobutanes, the geometrically de?ned (1-hep 
tenyl)dimethylsilanols (E)-50, and (Z)-50, and (1-heptenyl 
)di(isopropyl)silanol (E)-52 and (Z)-52 Were chosen. These 
substrates are readily prepared folloWing established proce 
dures as outlined in Schemes 5 and 6 (22, 23). Treatment of 
(E)-1-bromo-1-heptene (24) With t-butyllithium, folloWed 
by the addition of hexamethyltrisiloxane resulted in the 
formation of (E)-50 in 74% yield. The corresponding Z-iso 
mer Was prepared in a similar manner from (Z)-1-iodo-1 
heptene Which upon treatment With n-butyllithium and hex 
amethyltrisiloxane afforded (Z)-50 in 68% yield. Silanols 
(E)- and (Z)-50 and (E)- and (Z)-52 Were all obtained in 
geometrically pure form (>99%) as established by capillary 
CG analysis. 

[0096] To investigate the in?uence of the non-transferable 
groups on the silicon atom (and illustrate an alternative entry 
to the silanol precurors) di(isopropyl(silanols (E)-52 and 
(Z)-52 (Scheme 6) Were prepared. Catalytic (H2PtCl6) 
hydrosilylation of 1-heptyne With chlorodi(isopropyl)silane 
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followed by alkaline hydrolysis provided (E)-52 in 78% 
yield (25). The stereoisomer (Z)-52, Was produced by a high 
yielding four-step synthesis starting from (Z)-1-iodo-1-hep 
tene. Lithium-iodide exchange With n-butyllithium, fol 
loWed by the addition of chlorodi(isopropyl)silane formed 
the intermediate (1-heptenyl)di(isopropyl)silane in 95% 
yield. Oxidation With chlorine (0.9 M solution in CCl4), 
folloWed by mild hydrolysis produced (Z)-52 in 90% yield 
over tWo steps. 

[0097] The extensive optimiZation of reaction conditions 
(palladium catalyst, ?uoride source, stoichiometry, solvent 
and temperature) already carried out in the context of the 
silacyclobutane coupling Was the starting point for these 
studies. Accordingly, the silanol Was ?rst combined With 
tetrabutylammonium ?uoride (TBAF) in THE for 10 min at 
room temperature, folloWed by the addition of the organic 
iodide and the palladium complex (Pd(dba)2). The reactions 
Were generally complete Within 10-30 min (Table 9) to give 
the corresponding products 53(a-e). These conditions differ 
from those employed for silacyclobutanes only in the 
amount of TBAF added. It Was shoWn that only tWo equiv. 
of a freshly prepared TBAF solution Were suf?cient to 
effectively promote the cross-coupling of silanols Within 10 
min. Further reduction in the amount of the TBAF, hoWever, 
resulted in a decrease of the reaction rate and yield (cf. 
entries 8 and 9 in Table 9). Activator is required hoWever, as 
omission of TBAF from the reaction mixtures resulted in 
complete recovery of both the aryl iodide and the silanol. 
Although a basic/nucleophilic activator is essential, it need 
not be ?uoride. Indeed, substitution of tetrabutylammonium 
?uoride With the corresponding hydroxide (as a 2.0 M 
solution in methanol) gave rise to comparable rate and yield 
for the coupling of (E)-50 With naphthyl iodide (cf. entries 
3 and 5, Table 9). HoWever, the product is accompanied by 
2.5% of the cine rearrangement product When TBA-OH/ 
methanol is used. 

[0098] Removal of the silicon-containing byproducts and 
isolation of the styrenes Was readily accomplished by a three 
step procedure, (1) ?ltration of the crude reaction mixture 
through a plug of silica gel; (2) column chromatography 
(silica gel or reverse phase C18); and (3) distillation. 

[0099] The experiments described in Table 9, clearly dem 
onstrate that the in?uence of the different functional groups 
present on the aryl iodide is minimal. The rate and yield of 
the reactions are not affected by functional groups. The 
presence of electronically neutral (entries 1-5), electron 
donating (entries 12 and 13) as Well as electron WithdraWing 
(entries 8 and 9) substituents is Well tolerated. 

[0100] Rates and yields for the cross coupling of silacy 
clobutanes and dimethylsilanols Were similar, but the selec 
tivities obtained With the dimethylsilanols Were slightly 
loWer than those observed With the silacyclobutanes; up to 
5.5% of the geometrical isomer Was observed, starting from 
a single, pure isomer of the (E)- and (Z)-52. The results 
summarized in Table 1 shoW that the rates for the cross 
coupling are independent of the substituents on the silicon 
atom. The selectivity of the reaction is noW comparable to 
the selectivity observed With silacyclobutane and substan 
tially improved over the selectivity obtained With the dim 
ethylsilanols (for example cf. Table 9, entries 1 and 2 and 
Table 10, entries 1 and 2). Moreover, When tetrabutylam 
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monium hydroxide Was used as the activator (cf. Table 9, 
entry 5 and Table 10, entry 5) no cine rearrangement produce 
Was observed. 

[0101] As Was the case With alkenylsilacyclobutanes, sil 
anols (E)-50 and (2)-50 undergo rapid and stereospeci?c 
cross-coupling With alkenyl iodides as Well. Under condi 
tions identical to those employed previously, the vinyl 
iodides (E)- and (Z)-6-iodo-5-hexenols reacted With the 
silanols to give conjugated dienes 54 in good yield (Table 
11). The reactions Were generally sloWer than the coupling 
reactions With aryl iodides. In all cases, the desired products 
Were contaminated With a small and variable amount of an 

isomeric diene 55 Which presumably arose from a cine 

rearrangement pathWay (as Was also observed previously). 

[0102] Stereospeci?city, again, is similar to that obtained 
With aryl iodides, some loss in con?gurational homogeneity 
of the double bond arising from the silanol is observed, 
Whereas the double bond originating from the iodide is not 
affected. In entry 5, up to 10% of the stereoisomeric (E,Z)-54 
Was formed, although, this compound may be prone to 
isomeriZation, there is almost tWice as much isomeriZation 
as With silacyclobutane. In this case a different palladium 

catalyst [allylPdCl]2 had to be used, as Pd(dba)2 Was not 
effective, and led to even more isomeriZation. When the 
methyl groups on the starting silanols Were replaced With 
isopropyl groups (entries 2 and 6), the selectivities are again 
improved With respect to the ratios observed With silacy 
clobutane. 

[0103] There is a dramatic difference betWeen the rate of 
coupling of the alkenylsilanols of this invention and those 
described recently by Hiyama (13). The reactions exempli 
?ed herein use different palladium sources and different 

activators. Hiyama employs Pd(PPh3)4 and silver(I) oxide in 
DMF solution. Phosphine ligands appear to inhibit the 
cross-coupling reaction. In contrast, the method of this 
invention With silanols uses activators Which can be other 
basic and nucleophilic, such as F- or OH- sources, tetraalky 
lammonium ?uoride or the corresponding hydroxide. With 
out Wishing to be bound by any particular mechanism, it is 
currently believed that there is an association betWeen the 
silanol (silyloxide) and the palladium center prior to and 
facilitating the transmetallation event (27). Both types of 
activators (R4N+X_ and AgZO) are in principle capable of 
acting as bases to deprotonate the silanol and, thus, assisting 
in the association With the palladium intermediate. HoWever, 
?uoride and hydroxide differ from AgZO, because both 
?uoride and hydroxide can also act as nucleophiles to further 
promote the transmetallation by forming siliconate com 
plexes. 

(ot-Alkoxyvinyl)silanols 

[0104] Scheme 7A illustrates the general cross-coupling 
reaction of (ot-Alkoxyvinyl)silanols With aryl electrophiles. 
The reaction illustrated has been investigated for both cyclic 
and linear vinyl ethers. 

[0105] Palladium-catalyzed cross-coupling of cyclic vinyl 
ether 61 With aryl iodides is exempli?ed in Table 12. 
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61 

[0106] Compound 61 Was generated by metalation of 
2H-3,4-dihydropyran With t-BuLi according to Soderquist’s 
procedure (31) and subsequent reaction With hexameth 
ylcyclotrisiloxane (32) resulted in the formation of [2-(5,6 
dihydro-4H-pyranyl)]dimethylsilanol (61) in 68% yield. The 
optimiZation of the palladium(0)-catalyZed cross-coupling 
Was guided by the previous studies With alkenylsilanols. 

[0107] Accordingly, silanol 61 Was ?rst combined With a 

1.0 M solution of tetrabutylammonium ?uoride 

(TBAF.3H2O, Fluka) in THF at room temperature, folloWed 
by the addition of the aryl iodide and the palladium complex 
(Pd-(dba)2). The reactions Were clean and generally com 
plete Within 10-20 min. HoWever, as had been noted previ 
ously, difficulties were encountered in the puri?cation step 
because (1) the polarity of the products Was similar to the 

dba ligand and to the polysilicone byproducts and (2) the 
products Were found to be particularly labile in air and on 

chromatographic media. Moreover, reverse-phase (C-18) 
silica chromatography Was either not efficient or led to 

partial decomposition of the products if long gradient elu 
tions Were used. By using rapid silica gel column chroma 
tography, the polysilicone byproducts could be separated, 
but the product Was alWays contaminated With dba. By the 
simple expedient of replacing the Pd(dba)2 catalyst With 
[allylPdCl]2, the cross coupling products 62 (Table 12) Were 
obtained in an analytically pure form. 

[0108] The scope of the cross-coupling reaction of 61 Was 
further investigated With aryl iodides bearing electron-With 
draWing or electron-donating groups in para, meta, or ortho 

positions (Table 12). For all aryl iodides examined, the 
reaction proved to be fast and high yielding. Several features 
of the reaction are noteWorthy: (1) electron-Withdrawing 
or-donating groups exhibit similar reactivity (entries 4 and 
6), (2) the steric effect of ortho substituents is minimal (cf. 
entries 1 and 4-7) except in the case of the 2-carbomethoxy 
group (entry 3) Where chelation betWeen the carbonyl moi 
ety and the palladium may sloW the reductive elimination 
step, (3) the reaction tolerates diverse functionalities such as 

ester, nitro, cyano (vide infra), ether, and even hydroxyl. The 
mild reaction conditions and uniformly high yields compare 
favorably With other methods to produce these compounds. 

[0109] The cross-coupling of 61 With an alkenyl electro 
phile, ethyl (E)-3-iodoacrylate, to give cross-coupling prod 
uct 63 Was also examined: 
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O 1. TBAF O 
(2.0 equiv) 

O 
/ Si/ 2. [allylPdCl]; / 

/ \ (2.5 mol %) / COZEt 
Me Me 

81% 
61 63 

I \/\CO2Et 

[0110] The reaction rate and yield Were comparable to that 
obtained With aryl iodides, and after 2 h, 63 could be isolated 
in 81% yield after A1203 chromatography. The correspond 
ing (Z)-3-iodoacrylate suffered decomposition under the 
reaction conditions and did not lead to coupling. 

[0111] FolloWing the successful coupling of silanol 61, the 
use of (1-butoxyvinyl)dimethylsilanol and [2-(4,5-dihydro 
furanyl)] dimethylsilanol Were then considered. HoWever, 
the sequence established for the synthesis of 61 (lithiation of 
the vinyl group and subsequent quenching) did not provide 
the silanols cleanly. 

[0112] Previous experience With handling silanols sug 
gested that increasing the bulk of the silicon substituent 
could make the products more tractable. Since hexaisopro 
pylcyclotrisiloxane is not commercially available, an alter 
native procedure that involves (1) lithiation of the vinyl 
ether, (2) addition to chlorodiisopropylsilane (to form the 
intermediate silyl hydride), (3) oxidation of the hydridosi 
lane With chlorine to form the chlorosilane, and (4) alkaline 
hydrolysis to produce the silanol can be employed to prepare 
silanols useful in the cross-coupling reactions herein. 

Cyclic Silyl Siloxanes 

[0113] The cyclic silyl siloxane 74 Was prepared by ring 
closing metathesis (RCM) using the molybdenum carbene 
complex 72 [(CF3)2MeCO]2Mo(=CHCMe2Ph)(=NC6H3 
2,6-i-Pr2) developed by Schrock et al.(33): 

CH0 1. allylMgBr, EtZO, 
n, 1.5 h, (85%) 

2. ClSiMe2CH=CH2, 
O9 C., to rt. 1 h, (92%) 

Me Me Me Me 

benzene 

M rt. 1 h Ph \ 95% 
73 

[0114] OptimiZation of the Pd(0)-catalyZed coupling With 
siloxane 74 and 4-iodoacetophenone employed the condi 
tions developed With alkenyl silanols. Thus, siloxane 74 Was 
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combined With a 1.0 M THE solution of tetrabutylammo 
nium ?uoride (TBAF.3H2O) at room temperature, followed 
by the addition of 4-iodoacetophenone and 5 mol % of 
Pd(dba)2, sequentially. The reaction proceeded cleanly to 
completion in only 10 min. Decreasing the loading of 
Pd(dba)2 only marginally affected the rate of the coupling 
process. HoWever, With a loWer catalyst loading (1.0 mol %) 
or less TBAF (1.0 equiv) the reaction did not go to comple 
tion and a signi?cant amount of 4-iodoacetophenone Was 
recovered. 

[0115] With suitable conditions for the cross-coupling 
processing in hand, the reaction Was examined With various 
aryl iodides. Scheme B illustrates the reaction of cyclic 
siloxanes With aryl iodides. Both the nature and position of 
substituents on the aromatic ring Were studied. The results 
compiled in Table 13 reveal high compatibility With the 
common functional groups tested. For all aryl iodides exam 
ined, the reaction gave uniformly high yields. NoteWorthy 
features of this process include the folloWing: (1) electron 
WithdraWing or electron-donating groups exhibit similar 
reactivity (entries 1 and 2), (2) the steric effect of ortho 
substituents is minimal (entry 4) except in the cases Where 
a possible chelation betWeen the substituent and the palla 
dium may sloW the reductive elimination step (entries 5-7), 
(3) the reaction tolerates diverse functional groups such as 
ester, ether, nitro, and even free hydroxy group, and (4) the 
reactions of all iodides Were stereospeci?c. 

[0116] The cross-coupling of 74 Was also successful With 
(E)-2-bromostyrene. The reaction rate and yield Were 
slightly loWer than that obtained With aryl iodides. With 2.5 
mol % of [allylPdCl]2 as the catalyst, the coupling product 
could be isolated in 78% yield after 5 hr. 

[0117] The in?uence of ring siZe on the cross-coupling 
reactin Was examined. A variety of aryl iodides bearing 
various functional groups Was selected to expand the utility 
of this transformation. The results collected in Table 14 
reveal that (1) the different siZes of cyclic alkenyl silanes 
exhibit similar reactivity in the coupling reaction (entries 1 
and 4) and (2) substitution on the [3-trans-position of the silyl 
group did not affect the reactivity signi?cantly (entry 2). The 
ot-substituted alkenyl silane 76c did undergo the coupling 
process; hoWever, a signi?cantly reduced reaction rate com 
pared to the related silanes Was observed. Moreover, the 
reaction mixture contained a substantial amount of self 

coupling product of ethyl 3-iodobenZoate. The use of addi 
tives or slightly elevated temperatures did not improve the 
results. Fortunately, the addition of the iodide in portions 
satisfactorily suppressed the formation of the self-coupling 
product. 

[0118] Moreover, increasing the loading and portionWise 
addition of the Pd(0) complex also provided complete 
conversion and kept the palladium from precipitating in this 
sloW coupling reaction. Acomparison betWeen these results 
and those described above reveals that monosubstitution of 
alkenyl silanes (silacyclobutanes and silanols) in either the 
ot- or [3-position does not effect the rate of the cross-coupling 
process signi?cantly. The disubstituted alkenyl silanes, 
including cyclic siloxanes, and silyl hydrides are also very 
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reactive in the coupling process except in the case of the 
substitution on both of the ot- and [3-cis-positions, for 
example, 76c. The steric in?uence may sloW the coupling 
reaction and alloW a competitive homocoupling of the aryl 
iodides to intervene. 

[0119] The cyclic siloxane 78 Was formed by intramolecu 
lar hydrosilyation as Will be discussed beloW. 

Si 

78 

[0120] Siloxane 78 Was dissolved in 2.0 equiv of a 1.0 M 
solution of TBAF in THF, folloWed by the addition of 
iodobenZene and 5 mol % of Pd(dba)2. The siloxane did 
undergo the coupling process, hoWever, at a signi?cantly 
reduced reaction rate compared to the related silanols. 
Moreover, the reaction mixture Was contaminated With a 
substantial amount of biphenyl (the product of self-coupling 
of iodobenZene), and thus the yield of the cross-coupling 
product Was attenuated. The addition of various ligands or 
decreasing the amount of Pd(0) did not meaningfully 
improve the results. It Was found, hoWever, that adding the 
iodide in portions satisfactorily suppressed the formation of 
biphenyl and correspondingly improved the yield of the 
desired coupling product. The portionWise addition of the 
iodide proved to be effective in reducing the amount of 
homocoupling by-product in most cases. For a feW, very 
sloW reacting substrates, even this expedient Was not help 
ful. 

[0121] With a reproducible procedure in hand, the scope 
of the reaction With regard to the nature and position of 
substituents on the aromatic ring Was explored The results 
compiled in Table 15 reveal good compatibility With all 
common functional groups tested (ester, ketone, nitro, alco 
hol, nitrile, ether). For all aryl iodides examined, the reaction 
proved to be mild and high yielding except in the case of 
2-nitroiodobenZene (entry 4) Which Was very sloW and gave 
a substantial amount of nitrobenZene as a by-product. Note 
Worthy features of this process are that (1) electron-With 
draWing or electron-donating groups exhibit similar reactiv 
ity, (2) ortho substituents on the aryl iodide do not affect the 
reactivity signi?cantly, (3) the reaction tolerates diverse 
functional groups such as ester, nitro, cyano, ether, and even 
free hydroxy group, and (4) the reactions of all halides Were 
stereospeci?c, With the exception of 4-nitroiodobenZene and 
l-iodonaphthalene, Which gave a small amount of the geo 
metrical isomer. 

[0122] This variant of the coupling reaction is not limited 
to benZene derivatives. For instance, 1-iodonaphthalene, 
1-bromo-4-tert-butyl-1-cyclohexene (an unactivated vinyl 
bromide), and 3-iodopyridine reacted With 78 to give the 
expected products 79k, 791, and 79m, respectively, in rea 
sonable to good yield: 
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Pd(dba)2 (5 mol%) 
$1 + TBAF (2 0 equiv) 

H3C CH3 359 C. 5h 

H3C CH3 
7:; 

CH3 

CH3 

79k 76%(58 2/3%) 
H3C Br 

\—<\]— [a tylPdCl]2 
Si/O + (2.5 mol%) 

TBAF (2O equiv) 
H3C CH3 45 9C. 47 h 

H C CH 
3 3 (CH3)2C 
78 

/ CH3 
(H3C)3C 

OH 

79l 45% 

H3C 

\—<:i) N/\/I Pd(dba1z 15 mew/0) 
Si + TBAF (2O equiv) 

459 C. 45 h 

H3C >iCH3 / 
H3C CH3 
78 

N \ / CH3 

OH 

[0123] The optimization of this process next turned to the 
investigation of the importance of the silicon substituents. It 
Was of interest to see Whether and hoW the size of the 
substituents on the silicon Would affect the rate and selec 
tivity of the reaction. Additional bene?ts such as improved 
mass ef?ciency and ease of by-product removal could be 
realized With a smaller group in place of an isopropyl group. 
We thus focused our attention oil the corresponding dim 
ethylsiloxane. 
[0124] However, the synthesis of the siloxanes Was prob 
lematic. The intramolecular hydrosilylation of dimethylsi 
lylethers With chloroplatinic acid resulted in polymeric 
materials. Though the platinum(0)-1,3 -divinyl-1,1,3,3-tet 
ramethyldisiloxane complex (Pt(DVDS)) gave clean in 
tramolecular hydrosilylation, any attempts to obtain the 
siloxane in a pure state or to scale-up the preparation of the 
siloxane led to oligomerization. 
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[0125] Apractical solution to this problem Was conceived 
in the form of a one-pot protocol that Would (1) obviate the 
need to isolate and purify the delicate silyl ether and siloxane 
and (2) improve the overall ef?ciency of the process. Thus, 
to streamline the procedure and minimize the formation of 
potentially deleterious by-products, tetramethyldisilazanem 
(TMDS) Was employed as the silylating agent. The one-pot 
process is discussed beloW. 

Silyl Hydrides 
[0126] Silyl hydrides are useful precursors for cross-cou 
pling, particularly in those cases Where the hydroxyl func 
tionality Would not be tolerated. Scheme 7B illustrates the 
reactions of silyl hydrides With aryliodides. Silyl hydrides 
Were prepared as exempli?ed for hydrides 84-86: 

[0127] Subjecting the hydridosilane 84 and 2-iodotoluene 
to the reaction protocol optimized With silanols gave rise to 
only a small amount of coupling product along With 1,5 
diphenyl-3-pentanone from reduction of dba. The evolution 
of a gas When the silane Was mixed With TBAF suggested 
that the silyl hydride Was being hydrolyzes. It is Well-known 
that hydrolysis or alcoholysis of silyl hydrides can be 
catalyzed by ?uoride ion at room temperature to liberate 
hydrogen gas. Thus, it appeared that the coupling product 
observed could be the result of silanol generated in situ from 
the silyl hydride. 
[0128] The reaction protocol Was slightly modi?ed to 
examine Whether or not in situ generation of the silanol from 
the silyl hydride could be used to obtain cross-coupling. 
Thus, the silyl hydride Was ?rst combined With TBAF (the 
activator) for 1-20 min. at room temperature until no further 
gas evolution Was observed at Which point the organic iodide 
and palladium catalyst Were added sequentially to the reac 
tion mixture. Using this revised method cross-coupling 
products as listed in Table 16 Were prepared. 

[0129] Attempted reaction of the silyl hydride 86 under 
these conditions failed. It appears that silyl hydride 86 
suffered rapid protiodesilylation in the presence of TBAF 
releasing dihydrofuran. Replacement of TBAF With tetrabu 
tylammonium hydroxide (3.0 equiv.) in methanol alloWed 
the coupling of 86 With the aryl iodide to proceed smoothly 
in reasonable yield (Table 16) entry 6. 

Siloxanes 

[0130] A Wide variety of siloxanes is available in the art, 
either through Well-known methods of synthesis or from 
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commercial sources (see, for example, Gelest, Inc, Tully 
toWn, Pa.), including siloxanes With one or more substitu 
ents that are T groups as de?ned herein, e.g., vinyl-, allyl-, 
and aryl-substituted siloxanes. Siloxanes have been found to 
be useful organosilicon nucleophiles for the cross-coupling 
reaction of this invention. Scheme 9 generally illustrates the 
reactions of siloxanes With aryl iodides. The siloxane 
reagents contain at least one transferable group (T), but 
typically contain a plurality of transferable groups. 

[0131] Table 17 lists several exemplary cross-coupling 
reactions of vinyl-substituted siloxanes, e.g., tWo cyclic (92, 
93), branched (94) and linear siloxane (95). Cross-coupling 
to form product 97 by reaction of 4-iodoacetophenone 96 
With the cyclic and the branched siloxane in the presence of 
Pd(dba)2 and TBAF (in THF) Was substantially complete 
Within about 10 minutes. The linear siloxane Was found to be 
less reactive under the same conditions, Where about 91% 
conversion to product Was observed after 8 hours. 

92 

93 

94 

95 

For 
[0132] For orienting experiments, 4-iodoacetophenone 
(96)Was chosen to test the coupling of vinylpolysiloxanes 
using reaction conditions employed previously With mini 
mum modi?cation (5 mol % Pd(dba)2, tWo equivalents 
tetrabutylammonium ?uoride (1.0 M in THF, room tempera 
ture). The established stoichiometry of transferable vinyl 
group to iodide Was maintained at 1.2:1, thus the molar 
equivalents of each precursor Was divided by the number of 
available vinyl groups. Silanes 92, 93 and 94 underWent 
rapid coupling. In all of these cases, the starting iodide Was 
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completely consumed at room temperature Within 10 min to 
afford the product 97 in 88, 85 and 89% yields, respectively. 

[0133] The coupling reaction of 95, hoWever, did not 
proceed to completion. The initial rate of coupling, hoWever, 
Was not sloW (78% conversion at 10 min). Even by extend 
ing the reaction time to 5 h, the reaction did not go to 
completion. Further increasing the loading of reagent 95 to 
15:6 equivalents and also increasing the amount of TBAF to 
three equivalents gave 93% conversion at 10 min (entry 6), 
but the progress of the reaction once again stalled. A 2.0 
mmol scale descriptive run under these conditions afforded 
the coupling product in loW yield (53%). From these results 
it is clear that vinylation precursors 92, 93 or 94 could each 
be employed for this transformation. 

[0134] On the basis of cost and ef?ciency of vinyl transfer, 
the vinylpolysiloxane 92 Was chosen for further examination 
of scope of the coupling reaction With a number of different 
aryl and alkenyl iodides. The results are collected in Table 
18. As had been previously observed, the coupling reaction 
betWeen 92 and electron poor iodides (4-iodoacetophenone 
96, ethyl 4-iodobenZoate 98 and 3-iodonitrobenZene 102) 
proceeded smoothly to afford the corresponding products in 
high yields. When the loading of Pd(dba)2 Was decreased to 
1 mol %, the reaction of 92 With 98 Was also complete in 1 
h to afford the product in comparable yield (83%). In all 
these experiments, the catalyst Was added last Which caused 
a signi?cant exotherm (up to 55° C. on a 2 mmol scale) for 
the fast acting substrates (5, 7, 11). A modi?ed procedure in 
Which a solution of 96 Was added last such that the tem 
perature Was maintained at <30° C., gave comparable results 
in the same time period (entry 2). 

[0135] From foregoing studies on the coupling With elec 
tron-rich iodides, it is not surprising that the reaction of 
4-iodoanisole With 92 Was very sluggish under the same 
conditions. Although 100 Was consumed after 4 h under the 
standard conditions (With three equivalents of TBAF), the 
isolated yield Was quite loW 46% (entry 4) and 15% of the 
corresponding Heck reaction product ((E)-4,4‘-dimethox 
ystilbene) Was also isolated. In the cross coupling With 
1-methyl-1-vinylsilacy-clobutane, the Heck reaction 
by-products Were primarily observed With 100 and 110. In 
those cases, the intervention of the stilbene by-products Was 
suppressed simply by increasing the amount of one to 1.2 
and 1.5 equivalents, respectively. In this system, hoWever, it 
seems that the Heck reaction is more competitive since a 
trace of stilbene Was observed in the coupling reaction of 92 
With 98 as Well as With 100 and 110 (entries 2, 3). Moreover, 
in the coupling reaction of 100 and 110, increasing the 
amount of 92 Was not effective in suppressing the side 
reaction. The yields of the desired products improved upon 
addition of 10 mol % Ph3As (entry 5) although Heck product 
Was still observed. Nevertheless, this material can be easily 
separated from the product by chromatography. The use of 
Ph3As Was bene?cial for most of the sloWer coupling 
substrates. This alloWed for the solubiliZation of the palla 
dium (0) through many catalytic cycles. 

[0136] The effect of sterically demanding substituents 
observed in the coupling of 1-methyl-1-vinylsilacyclobutane 
Was also seen in reactions With 92. Thus, reaction of 92 With 
2-iodoanisole 105 Was extremely sluggish compared With 
that of 4-iodoanisole 100 (6 vs. 24 h for completion). The 
importance of steric effects Was apparent in the reaction of 



US 2002/0183516 A1 

methyl 2-iodobenZoate 108, an electron poor iodide, Which 
required 8 h to go to completion (entry 9, in the presence of 
10 mol % Ph3As) compared With just 10 min for the 
para-isomer 98 (entry 2). The compatibility of a free 
hydroXyl functional group Was demonstrated in the success 
ful coupling of 3-iodobenZyl alcohol (entry 7) at a reason 
able rate and in good yield. 

[0137] Finally, We also eXamined the coupling of vinylpol 
ysiloXane 92 With (Z)-6-iodo-5-heXen-1 01 112. Although 
the reaction Was sluggish, it proceeded to completion in 24 
h to give the diene 113 in 52% yield. The process Was 
stereospeci?c as established by GC-MS analysis. The com 
patibility With the free hydroXyl group is also noted. 

I 92. 1.2/4 equiv 
TBAF (2.0 equiv) 

\ OH 
— 

Pd(dba)2 (5.0 mol%) 

112 (E/Z, 6/94) 52% 

113 (E/Z, 6/94) 

[0138] SiloXanes such as 92, 93 and 94 are effective 
vinylation reagents of aryl and alkenyl iodides under mild 
condition in the presence of TBAF (tWo equivalents) and 
Pd(dba)2. In vieW of the mildness and generality of the 
transformation along With the cost and non-toxic nature of 
the silicon reagents and by-products, this procedure should 
become the reaction of choice for large scale and laboratory 
preparations. 

Bis-silylethenes 

[0139] It Was found that bis-silylethenes Were useful 
reagents in the cross-coupling reaction of this invention and 
Were of particular use for the synthesis of stilbenes on 
reaction With aryl electrophiles. Bis-silylethenes contain the 
moiety “Si—C=C—Si.” Scheme 10 illustrates cross-cou 
pling reactions of bis-silylethenes With aryl iodides. 

[0140] More speci?cally, 1,2-bis(dimethylethoXysi 
lyl)ethene (126, 0.5 equiv) reacted With ethyl 4-iodoben 
Zoate (1 equiv) in the presence of Pd(dba)2 (0.05 equiv) and 
TBAF (2 equiv) in THF to give the cross-coupling product 
diethylstilbene-4,4‘-dicarboXylate (127) (RT/9.5 h, yield 
94% conversion): 
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-continued 

TBAF 

Pd(dba)2 

C2H5 
O 0/ 

CZHS 
\ 
O 

O 

/ O 
CZHS — O 

(E)-127 

[0141] In this case, the transferable group is linked 
betWeen tWo silicon atoms in the reagent and ultimately is 
coupled to tWo acceptor groups. A bis-silyl reagent is 
generaliZed in formula 130. Useful bis-silyl cross-coupling 
reagents also include those of the formula 131. 

[0142] Where X, R1, R2 are de?ned above and R A and RB 
can be any ole?n substituent noted above Which represents 
a bis-silyl reagent With monoole?n or conjugated ole?n T 
group; and 

131 

T RA 
R1—si RA 

1. \ \ X 
RB siH—R1 

RB R2 

[0143] Where X, R1, R2, are de?ned above, n is an integer 
equal to or greater than 1 (typically less than about 6) and R A 
and RB can be any ole?n substituent noted above and R and 
R‘ are any alkyl substituents noted above Which represents a 
bis-silyl reagent With a non-conjugated diene T group. 

[0144] The bis-silyl reagents (e.g., species containing the 
Si—T—Si moiety) are particularly suitable for linking T 
groups that are ole?ns, substituted ole?ns, dienes, substi 
tuted dienes (conjugated or non-conjugated), polyenes and 
substituted polyenes (conjugated and non-conjugated) 
betWeen tWo aryl groups. Table 19 illustrates the results of 
several reactions of aryl and or ole?nic acceptors using the 
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1,2-bis(dimethylethoxysilyl)ethene reagent 126 Where reac 
tion conditions are listed in the Table footnotes. 

Fluoride-free Cross Coupling Reactions 

[0145] One serious limitation in the use of a ?uoride 
source as the activator of the cross-coupling reaction is that 
this agent precludes employment of this reaction in synthe 
ses Where either of the coupling substrates contains silyl 
protective groups. A non-?uoride-activated, organosilicon 
cross-coupling using inexpensive commercially available 
reagents has been developed Which overcomes this limita 
tion and further expands the utility of the cross-coupling 
reactions of this invention. 

[0146] The results of a survey of bases and solvents using 
(1-heptenyl)dimethylsilanol (E)-21 and 1-iodonaphthalene 
are collected in Table 20. Whereas the lithium silyloxide Was 
unreactive, the sodium salt, generated With NaH in THF 
clearly manifested the feasibility of this neW process (entries 
1-4). 2.0 equiv of base Was needed for complete conversion, 
Which Was then used throughout. The reaction is consider 
ably faster in DMF and DME. Other sodium bases (i.e., 
NaOt-Bu) Were less effective promoters. The use of potas 
sium hydride had a dramatic effect on the rate giving 
complete conversion Within 15 in DME. Finally, potassium 
tert-butoxide Was also able to promote the reaction and gave 
the highest yield despite having the loWest rate of coupling. 
Weaker bases, such as KZCO3 and K3PO4 Were ineffective. 
In all cases examined the reaction Was shoWn to be highly 
stereospeci?c. Scheme 11 illustrates reaction of vinyl sil 
anols With aryl iodides in the presence of bases such as 
hydride. 

[0147] Application of the optimal reaction conditions to 
the coupling of (Z)-21 With 1-iodonaphthalene gave rapid 
cross-coupling but in markedly loWer yields, Table 21, entry 
1. The remainder of the mass balance Was identi?ed as 
naphthalene, presumably arising from the formation of a 
palladium hydride species from the excess KH. Although the 
formation of naphthalene could be suppressed by the use of 
KOt-Bu, the reaction rate With this base Was far too loW to 
be synthetically viable. Apparently, KOt-Bu is able to com 
pete With the silyloxide for the palladium center thus serving 
as a competitive inhibitor. From this observation, it appears 
that the ideal base need only be strong enough to produce a 
measurable equilibrium concentration of the silyloxide, and 
not be a competitive inhibitor. Logically, the ?rst choice 
Would be another silyloxide, such as the soluble agent 
KOSiMe3. 2.0 equiv of this mild base can effect the cross 
coupling at room temperature, in excellent yield, With ste 
reospeci?city and Without reduction by-products (albeit 
more sloWly than Neither increasing nor decreasing the 
amount of KOSiMe3 improved the rate of the coupling. 

[0148] The scope of this neW, ?uoride-free coupling pro 
cess Was examined under the optimal conditions of 2.0 equiv 
of KOSiMe3 in DME at room temperature. The results in 
Table 22 illustrate that cross-coupling products Were 
obtained in excellent yields With reasonable rates. High 
stereospeci?cities and good yields Were obtained in the 
coupling of (E)-21 and (Z)-21 to 1-iodonaphthalene and 
iodobenZene. In addition, both electron rich (entries 7 and 8) 
and electron de?cient (entries 5-6 and 9-12) arenes couple 
quite Well, although With varying rates. In general, electron 
de?cient electrophiles couple most rapidly, except 4-iodo 
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acetophenone. Apparently, the presence of a moderately 
acidic proton in the substrate has a detrimental effect on the 
rate of coupling, although the yields Were still high and no 
other by-products Were observed. In contrast to the ?uoride 
activated couplings of silanols, the rates of coupling With 
(Z)-21 Were signi?cantly loWer than those With (E)-21 . 

[0149] The synthetic potential of this neW method is 
clearly demonstrated by the compatibility of a silyl protec 
tive group as shoWn in entries 13-14. The coupling reaction 
occurs cleanly in the presence of a TBS protected alcohol on 
the aryl iodide, 154 g, Without any observable deprotection. 

One-pot Hydrosilyation/Cross-coupling 

[0150] Scheme 1 illustrates the hydrosilyation of terminal 
alkynes combined With cross-coupling reactions of this 
invention. A one-pot protocol Was developed to carry out 
this reaction. 

[0151] The initial development of a one-pot protocol 
focused on the Pt-catalyZed hydrosilylation event. To opti 
miZe the hydrosilylation, the reaction of 1-heptyne With 
diisopropylchlorosilane Was studied and the results Were 
evaluated by directly carrying out the Pd-catalyZed cross 
coupling (THF, 1.0M TBAF (2 equiv.), Pd(dba)2 (5 mol %), 
RT, 10 min.) With 1-iodonaphthalene. Hydrosilylation of 
1-heptyne With diisopropylchlorosilane in the presence of 
HzPtCl6 (<0.1 mol %) at 50 ° C. for 30 min, folloWed by 
treatment With TBAF, Pd(dba) 2, and 1-iodonaphthalene 
gave incomplete coupling (70-80% conversion). No other 
isomeric, cross-coupling products ((Z)-169a or 170a) Were 
observed by GC analysis. HoWever, all attempts to improve 
the conversion failed. Consequently, a survey Was per 
formed to screen other silane sources and Pt catalysts for 
their activity and stereoselectivity in this transformation. 
Orienting experiments revealed that the regio- and stereo 
selectivity Was strongly affected by the structure of silane. In 
the presence of Speier’s catalyst, tetramethyldisiloxane, 
tetramethylcyclotetrasilioxane, and methyldiethoxysilane 
can participate in the hydrosilylation/cross-coupling reac 
tion smoothly as evidenced by the complete consumption of 
1-iodo naphthalene after 10 min. HoWever, a small amount 
of the isomer 170a (12-16%) resulting from regio-reversed 
hydrosilylation Was observed. To improve the hydrosilyla 
tion regioselectivity, tetraisopropyldisiloxane Was used, but 
only a trace of cross-coupling product Was observed even 
after extended reaction time or elevated reaction tempera 
tures. Diethylethoxysilane Was then examined as a compro 
mise reactivity and selectivity. Surprisingly, this silane gave 
the poorest results; the regioselectivity Was Worse than With 
the methylsilanes, and the conversion Was beloW about 60%. 

[0152] The next stage of optimiZation involved the exami 
nation of these silanes With other platinum catalysts to 
improve the rate and/or regioselectivity. The organic soluble 
complex Pt(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane 
(Pt(DVDS)) gave results comparable to those obtained With 
Speier’s catalyst. HoWever, the t-Bu3P-modi?ed Pt(DVDS) 
complex gave signi?cantly improved results. The hydrosi 
lylation With both 162 and 163 Was complete Within 30 min 
at room temperature in the presence of t-Bu3P—Pt(DVDS), 
and the subsequent coupling reaction With 1-iodo naphtha 
lene Was complete in 10 min at room temperature. More 
over, With 162 the coupling product contained only 2% of 
the regioisomer 170. 
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[0153] With an optimized procedure for the hydrosilyla 
tion/cross-coupling reaction in hand, a variety of iodides 
bearing various functional groups and substitution patterns 
Were selected to de?ne the scope of the one-pot process. The 
results presented Table 23 reveal that the rate, yield, and 
selectivity of this protocol correspond Well to those features 
of the previous cross-coupling reactions of isolated silanols. 
For example, both electron-rich (entries 3, 4, 7, and 9) and 
electron-poor (entries 2, 5, 6, and 8) iodides underWent the 
coupling smoothly to give the desired product in high yield 
and excellent stereoselectivity. 

[0154] The position and nature of substituents had little 
effect for most iodides (cf. entries 3 and 9). HoWever, the 
rate of coupling of 168f Was very sloW and stalled as has 
been noted previously. This problem Was resolved by adding 
10 mol % of AsPh3. The coupling of 168h also proceeded 
smoothly to give desired product in reasonable yield, 
although some loss of speci?city Was observed. Further, 
168i also shoWed good results When [allylPdCl]2 Was used, 
but the speci?city again Was loWer than With aryl halides. 
The origin of the erosion in stereospeci?city is not under 
stood at this time. As found in previous studies, it Was 
possible to reduce the loading of the Pd catalyst for the 
coupling of electron-poor iodides, e.g., 168d. In the presence 
of 1 mol % of Pd(dba)2 the coupling product 169d Was 
produced in 89% yield by extending the reaction time to 60 
min With comparable selectivities (cf. entries 5 and 6). The 
standard reaction protocol developed in earlier studies for 
the cross-coupling calls for the addition of the palladium 
catalyst last (procedure I). For reactive electrophiles such as 
electron-de?cient aryl iodides, the reaction becomes rather 
exothermic. This potential problem can be solved by simply 
changing the addition sequence such that TBAF and 
Pd(dba)2 Were added to the hydrosilylation mixture ?rst. The 
heat of reaction is then modulated by the sloW addition of the 
iodide such that the internal temperature does not exceed 30° 
C. (procedure U). The one-pot coupling of 168c gave 169c 
in 89% yield by using this modi?ed procedure (cf. entries 3 
and 4). The overall process displays good generality and 
functional compatibility With regard to the alkyne compo 
nent as Well, Table 24. 

[0155] A number of alkynes Were evaluated With typical 
electron-poor (168b) and electron-rich (168c) substrates. 
The alkyne diversity is represented by aromatic (171), linear 
aliphatic (172), and branched aliphatic (173) types. In addi 
tion,We included unprotected alcohol functions (12 and 173) 
and a remote double bond (174). The coupling reaction of 
171 proceeded smoothly to give products in high yield, and 
no regioisomer Was detected by GC analysis. Furthermore, 
those alkynes that contain free hydroxy groups underWent 
facile, highly stereoselective coupling though the latter 
required a longer reaction time. The coupling of 174 also 
gave exceptional results. The double bond did not compete 
With the alkyne in the hydrosilylation, and no Heck reaction 
products Were observed. HoWever, some Sonogashira cou 
pling of the alkyne Was observed When the ratio of 162 tol74 
Was 0.65 /1.5 equiv. The by-product can be eliminated by 
increasing the 162/174 ratio to 098/15 and also extending 
the reaction time to 60 min. 

[0156] In summary, an efficient hydrosilylation system 
uses inexpensive, nontoxic silicon reagents and soluble Pt 
catalyst. The in situ generated disiloxanes then undergo a 
Pd-catalyZed, cross-coupling for the mild, one-pot hydro 
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carbation of I-alkynes. This method is characteriZed by good 
generality, functional group compatibility, and stereoselec 
tivity. 

Ring-Closing Metathesis Combined With 
Cross-Coupling of this Invention 

[0157] Cross-coupling reactions of the ?ve-, six- and 
seven-membered cycloakenylsiloxane (74 and 76) are sum 
mariZed in Tables 13 and 14 above. These siloxanes carry 
substituents on both alkenyl carbons and cross-coupling 
reaction With aryl iodides results in stereocontrolled synthe 
sis of highly substituted unsaturated alcohols. The starting 
siloxanes 74 and 76 Were prepared by ring closing metathe 
sis of alkenyldialkylsilyl ethers of co-unsaturated alcohols. 

[0158] Ring-closing metathesis (RCM) catalyZed by M0 
or Ru complexes has revolutioniZed the Way in Which 
carbocycles and heterocycles are constructed. (34). In vieW 
of the not uncommon use of silyl ethers as tether anchor 
points, there is an opportunity for the combination of RCM 
and Pd-catalyZed cross-coupling chemistry of this invention 
by use of alkenyl silylethers. Scheme 13 illustrates the 
combination of RCM reaction catalyZed by a Mo complex 
and the cross-coupling reaction of this invention. 

[0159] RCM of the sterically more demanding vinylsilyl 
ether dienes requires the less sterically sensitive molybde 
num carbene complex [(CF3)2MeCO] 
2Mo(=CHCMe2Ph)(=NC6H3-2,6-i-Pr2)(202), developed 
by Schrock et al.(33). 

[0160] To test the feasibility of the overall transformation, 
combining the tWo types of reaction the vinylsilyl ether, 203, 
Was prepared as a starting material for RCM by addition of 
allylmagnesium bromide to benZaldehyde folloWed by sily 
lation With commercially available chlorodimethylvinyl 
silane. In initial studies on the RCM reaction of 203 using 
the Grubbs alkylidene complex, none of the desired ring 
closure product 74, Was observed. All variations in condi 
tions, including change of solvent and/or temperature Were 
unsuccessful. Substrate 203 did undergo the RCM process 
When the molybdenum complex 202 Was used as the cata 
lyst. After careful optimiZation a near quantitative yield of 
74 Was obtained With 5 mol % of 202 in benZene at ambient 
temperature. 

1. allylMgBr, EtZO, 
CH0 rt, 1.5 h, (85%) 

2. CISiMeZCH = CH2, 

09 c. to rt, 1 h, (92%) 

Me Me 
202 Me Me 

Si 
/ 

M benzene O rt 1 h | 
Ph \ ’ 

Ph 

74 

95% 

203 

[0161] The in?uence of tether length (i.e., ring siZe) and 
substituents on the RCM/cross-coupling process Was exam 
ined as shoWn in Table 25. The allylic ether 207a (a 
?ve-membered ring precursor) suffered RCM under the 
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standard conditions (5 mol % of Mo complex in benzene, 1 
h); hoWever, only 75% conversion could be obtained in 1 h. 
This problem Was solved by increasing the catalyst loading; 
using 7 mol % of catalyst,the complete consumption of 207a 
Was achieved Within 3 h to afford the product 208a in 89% 

yield (Table 25, entry 1) HoWever, for the preparation of 
seven-membered siloxane 208d, the reaction only Went to 
91%completion, giving an 81% yield under these condi 
tions. With a monosubstituted alkene or monosubstituted 

vinylsilane (entries 2 and 3), the RCM process proceeded 
sloWly compared to 74 albeit ultimately to completion. 
Unfortunately, substitution on both the alkene and vinylsi 
lane (entry 4) did not lead to successful closure (even under 
harsher conditions), presumably as a result of the signi?cant 
increase in steric demand. 

[0162] The results illustrated in Table 25 demonstrating 
successful RCM reaction to form the cyclic siloxanes (such 
as 74) along With the results of successful cross-coupling 
reactions of those siloxanes illustrated in Tables 13 and 14 
demonstrate the viability of sequential RCM/cross-coupling 
reactions employing readily available silyl ethers. The 
cycloalkenylsiloxane serves as a competent donor undergo 
ing rapid and high-yielding cross-coupling With various aryl 
and alkenyl halides. 

Intramolecular Hydrosilylation combined With 
Cross-coupling 

[0163] Facsile cross-coupling reactions of this invention 
are observed With organosilicon reagents having oxygen 
function on the silicon, e.g., alcohols, ethers or disiloxanes. 
Starting materials for the coupling reactions herein can be 
obtained by intramolecular hydrosilylation of a pendant silyl 
ether (35). This process provides an unambiguous route to 
geometrically de?ned vinyl silanes having an oxygen func 
tion. This strategy, as illustrated in Scheme 14, is exempli 
?ed for the preparation of stereo de?ned homoallylic alco 
hols. 

[0164] In particular, the cyclic siloxane 78 (Where R is 
CH3—) derived from 3-pentyn-ol (211 Where R is CH3—) 
Was examined to illustrate the combination of intramolecular 
hydrosilylation and cross-coupling of this invention. Silyla 
tion of the alkynol With diisopropylchlorosilane provided a 
silyl ether in good yield Which Was then subjected to 
intramolecular hydrosilylation using a catalytic amount of 
Speier’s catalyst: 

Dec. 5, 2002 

-continued 

R \—<\‘ O Si/ 

H3C CH3 

[0165] Palladium cross-coupling reaction of 78 With vari 
ous aryl iodides are examined in Table 15, discussed above. 
Attempts to extend the intramolecular hydrosilyation to 
dimethyl siloxanes resulted in the generation of undesired 
polymeric materials. Apractical solution to this problem Was 
the establishment of a one-pot protocol that obviated the 
isolation and puri?cation of delicate silyl ethers and silox 
anes and improved overall ef?ciency of the process. 

[0166] In this process a homopropargyl alcohol (e.g., 211) 
is treated With a silylating agent, tetramethyl disilaZane 
(TMDS). The product (not isolated) is dissolved in THF in 
the presence of a platinum catalyst to facilitate intramolecu 
lar silylation ring closure. Cross-coupling Was then carried 
out With the siloxane ring closure product (also not isolated). 
The results of the one-pot arylation of homopropargyl alco 
hols are shoWn in Table 26. As indicated in the table, 

increased loading of Pd(dba)2 to 10 mol % resulted in 
signi?cant improvement in rate and yield of the cross 
coupling product. 

[0167] It is believed that residual TMDS, Which may 
poison the palladium catalyst, is detrimental to the cross 
coupling reaction. TMDS is preferably removed (if possible 
in vieW of the volatility of the silyl ether) by evaporation 
upon completion of silylation. When a higher molecular 
Weight alcohol (e.g., 3-octyn-1-ol) Was used as the starting 
material, TMDS could be easily removed and cross-cou 
pling Was effectively promoted With loWer levels of Pd 
catalyst (5 mol % Pd(dba)2). 

[0168] The advantages of the one-pot procedure are clear: 
(1) ease of experimental protocol, (2) no need to add aryl 
iodide portionWise to avoid homocoupling, (3) intermediate 
silyl ethers need not be isolated, and (4) superior overall 
yields. HoWever, the multi-stage procedure in Which the 
isopropyl substituted siloxane 78 is isolated is superior in 
providing for stereospeci?city in the products. In the one-pot 
procedure using the dimethylsiloxane a small amount of the 
other stereoisomer (the (Z)-isomer in the examples of Table 
26) Was observed. All attempts to suppress the formation of 
this isomer Where unsuccessful. The minor product Was not 
eliminated, for example, by decreasing the reaction concen 
tration for hydrosilylation or by changing the hydrosilylation 
catalyst. 

[0169] These results demonstrate the expanded synthetic 
potential of the silicon-based cross-coupling reaction of this 
invention. The silicon atom has served in the folloWing 
capacities: as a temporary protecting group for the hydoxyl 
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function, as a temporary tether to ?X the geometry of the 
vinyl silane and as the locus for directing formation of a neW 

ci?cally to trisubstituted homoallylic alcohols in good 
yields. These structures are often encountered in natural 

products and also are useful synthetic intermediates. 

EXAMPLE 1 

General Experimental 

[0170] Analytical thin-layer chromatography Was per 
formed on Merck silica gel pates With QF-254 indicator 

Visualization Was accomplished With UV light and/or potas 

sium permanganate. Methanol Was of reagent grade and 

used as received; other solvents for chromatography and 

?ltration Were technical grade and distilled from the indi 

cated drying agents: heXane and pentane (CaCl2) ethyl 
acetate (K2CO3). Column chromatography Was performed 
using Science 230-400 mesh silica gel or ICN silica C18 

(32-63 pM) 60A. 

[0171] Analytical capillary gas chromatography (GC) Was 
performed using a HeWlett Packard 5990 Series II gas 

chromatographs ?tted With a ?ame ioniZation detector (H2 

carrier gas, 1- mL/min) and HP-5 (50-m, 0.2 mm) cross 
linked phenyl methyl silicone capillary column. The injector 
temperature Was 225° C., the detector temperature Was 300° 

C. Oven temperature and head pressures speci?ed, Retention 

times (tR) and integrated ratios Were obtained form HeWlett 

Packard 3393A integrators. 

[0172] Kugelrohr distillations Were performed on a Bilchi 

GKR-50 Kugelrohr; boiling points (bp) corresponding to 
uncorrected air-bath temperature. All commercial reagents 

Were puri?ed by distillation prior to use. 

[0173] The solvents used in reactions Were reagent grade 
and distilled from the indicated drying agents under a 

nitrogen atmosphere: acetonitrile: CaH2, tetrahydrofuran 
(THF) and diethyl ether (Et2O: sodium metal/benZophenone 
ketyl. The solvents used for extraction and chromatography 
Were technical grade and distilled from the indicated drying 

agents: heXane, pentane, dichloromethane (CH2Cl2): CaCl2; 
ethyl acetate (EtOAc): K2CO3. Unless otherWise noted, all 
nonaqueous reactions Were performed in oven- and/or 

?ame-dried glassWare under an atmosphere of dry nitrogen. 

[0174] Tetrabutylammonium ?uoride (TBAF) solution in 
THE (1.0 M) Was made from TBAF trihydrate solid bought 
from Fluka. Tri-t-butylphosphine solution in THE (1.0 M) 
Was made from tri-t-butylphosphine purchased from Strem. 

1,1—Dichlorosilacyclobutane (1) Was prepared according to 
literature.5 
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Preparation of (E)-1-(1-Heptenyl)-1-methylsilacy 
clobutane ((E)21) 

[0175] 

(1) DIBAL-H 

/\/\/H (2) Si— Cl 

Me 

(E)-21 

[0176] To a solution of 1-heptyne (2.62 mL, 1.91 g, 
d=0.7328, 20.0 mmol) in n-heXane (7 mL) Was added a 
solution of DIBAL-H (20 mL, 1.0 M in n-heXane, 20.0 
mmol 1.0 equiv) at —78° C. The reaction miXture Was heated 
at 50° C. for 2 h, then Was cooled to 00 C. 1-Chloro-1 
methylsilacyclobutane (2.41 g, 2.0 vol, 1.0 equiv) Was added 
dropWise With syringe to the reaction miXture at 0° C., Which 
Was stirred for 48 h at 50° C. Cold Water (1.28 mL, 71 mmol, 
3.5 equiv) Was added to the action solution carefully at 0° C. 
The resulting White suspension Was ?ltered through Celite 
and the ?ltrate Was concentrated in vacuo. The crude product 
Was puri?ed by column chromatography (SiO2, pentane) 
and distillation to afford 2.96 g (81%) of (E)-1 as a colorless 
oil. 1-Methyl-(1-heptynyl)silacyclobutane (145 mg, 8%) 
Was also isolated after column chromatography. 

Preparation of 
1-(1 -Heptynyl)- 1-methylsilacyclobutane 

[0177] 

(1) MeLi 

/\/\/H (2) Si— Cl 

Me 

O 
Si 

/\/\/ \Me 
[0178] To a solution of 1-heptyne (1.31 mL, d=0.7238, 
0.960 g, 10.0 mmol) in Et2O (10 mL) Was added a solution 
of MeLi (9.43 mL, 1.06 M in Et2O, 1.0 equiv) at —78° C. 
After being stirred for 3 h, 1-chloro-1-methylsilacyclobu 
tane (1.16 mL, 1.0 equiv) Was added dropWise to the 
reaction solution at the same temperature, Which Was then 
stirred for another 5 h. The reaction miXture Was quenched 
With H20 (10 mL) and then Was eXtracted With pentane 
(3><25 mL). The combined organic layers Were dried 
(MgSO4) and concentrated in vacuo to afford the crude 
product, Which Was puri?ed by column chromatography 
(SiO2, pentane) and Kugelrohr distillation to afford 1.66 g 












































































































